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SUMMARY

Present visual standards are generally hased on the observer's ability to see small, high contrast black and white letters or
symbols. Current research shows that such vision tests are not adequate to evaluate an individual's target detection and
recognition capability over ranges of target size and contrast used in real situations. New vision tests are heing developed
that use the observer’s report of the visibility of sine.wave gratings (that look like fuzzy bars) to ussess visual capability with
much more sensitivity than that of standard tests, The new tests, called contrast sensitivity, assess vision using the same
method used to ussess hearing. Just as hearing tests use sound intensity and temporal frequency to measure audiometric
sensitivity, contrast sensitivity tests use contrast and spatial frequency to measure visual sensitivity. Because standard eye
charts do not change contrast, they cannot measure vision sensitivity to any except the smallest size symbols, The relation-
ship between contrast sensitivity und eye charts are discussed, using normal und abnormal vision, Although standard eye
charts are useful to create an in-focus image in the back of the retina, contrast sensivity techniques are needed to measure
the next physiological stage that determines the observer’s response to that image. Data are presented that reveal in-
dividual differences in contrust sensitivity among normal observers thut have definite implications for visual performance
in uperational envirenments. Since these differences in visual sensitivity can relate to detection und recognition ranges,
these data can then be transformed into time to perform certain tasks und lead naturally towards visual standards being
based on task performance under operational conditions, It is suggested that contrast sensitivity data be obtained in
parallel with conventional vision tests to begin creating visual standards that relate to observer capability over the full
range of operational envirunments,




PREFACE

The author is a member of the Visual Display Systems Branch, Human Engineering Division of the Air Force Aerospace
Medical Research Laboratory. Dr. Ginsburg is Director of the Aviation Vision Laboratory, under Project 2313V122,
“‘Basic Visual Perceptual Processes for Displays.”

Many of the data and much of the discussion in this report were presented at the Acrospace Medical Association Annual
Scientific Meeting, Washington, DC, 14-17 May 1979 (p. 81-82) and at un invited presentation, ** Emerging Techniques
for Assessing Vision'" at the National Research Council Commitiee on Vision Annual Meeting, National Academy of
Sciences, Washington, DC, 15-17 April 1979. The information was alse presented at the Advisory Group for Aerospace
Research and Development (NATO/AGARD) Aerospace Medical Panel Specialists’ Meeting at the Defenee and Civil In-
stitute of Environmental Medicine (DCIEM), Toronto, Canada, held from 15 to 19 September 1980, Although this paper

will be published in the NATO/AGARD proceedings, it is being published us u technical report to make the information
available to the wider research community.
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INTRODUCTION

The Ai: Force wmission is to fly and fight. Although manned aircraft are, projected 1o perform that mission well into
the twenty-first century, today’s high technology aircraft are outperforming the physical capabilitics of the pilot and
are creating increased workload that can seriously jeopardize the success of the mission. These facts demand the
selection of pilots based on physical standards that complement his weapon systems and call to question currently ac-
cepted standards in many areas. One important physical standard relevant to virtually all Air Force missions is vision.
Although on one would question the importance of other complex tasks that the pilot is required to perform, vision is
the only sensory system to be used to its fullest capacity. In spite of advanced electro-optical sensors, visual target ac-
quisition remains the key to successful air-to-air combat. He who detects the enemy first has by far the greatest
chance of survival and combat success. That dictum, echoed throughout aviation history, was recently reinforced by
written comments obtained from 100 American air aces (Youngling et al., 1977). That study -also found that visual
target acquisition was rated as a more important critical combat skill than selecting and executing the best maneuver
to gain a firing position. Further, superior vision can reduce workload. Increased detection range of targets means in-
creased time for the pilot to perform combat related tasks that, in turn, can help reduce workload. Present and future
missions will require_pilots to have optimum visual capability; and visual standards must relate to that capability in
terms of task performance.

Although no one would regard visual target acquisition as a simple function, current visual science allows that complex

* function to be divided into certain general subfunctions, for example, optical, physiological, and cognitive. Even these sub-
~ functions are complex and the relationships between them are not fully understood. At least certain major aspects of the
first two functions—optical and physiological—appear to be understandable and measurable today to the degree that
meaningfu! standards for those functions can be considered. These two functions are discussed and are related to the
possible creation of relevant visual standards based on observer capability that affects combat performance. This ap-
proach does not diminish the importance of cognitive factors in target acquisition. However, unless the optical quality of
the eye creates an in-focus image at the retina and physiolegical mechanisms are sensitive to features of that image, then it
is a moot point as to the motivation of the observer affecting performance. No amount of motivation can make up for the
target not being physically seen. Complex visual performance is highly unlikely to be fully predictable in the real-world,
excepl for certain limited tasks under special conditions. Until further gains are made in understanding complex visual
function, our present geal should be to set standards optimizing the capability of visual functions that can be measured
and are known to consistently affect performance.®

7
- The stress on general capability 1ather than spzciﬁc performance 1s made because all too often visual standards, as well as

other performance criteria, are required to be $hown relevant to “‘real-world”” pertormance before acceptance. On the sur-
face, that requirement seems quite reasonablé. The main problem with that approach is an endless list of “real-world”
performance criteria based on sometimes quite different mission requirements. Relevant visual requirements for the com-
hat pilot to detect a target under clear atmospheric conditions over a desert are quite different from that under low con-
trast conditions, such as those found in haze, fog, or smoke, that would exist in a European scenario. Present needs require
visual standards relating to visual capability needed under all possible viewing conditions.

Present visual standards are primarily based on measures of visual acuity using the visibility of high contrast optotypes,
such as Snellen letters. Unfortunately, visual acuity measures, based oxn high contrast targets, have not related well to vis-
ual performance, except under certain conditions of Eimiting resolution. By definition, acuity measures do not measure vis-
‘ual sensitivity over the range of object size and contrast relevant to many combat arenas; for example, the relatively high
contrast environment of the daytime desert as compared with the low contrast European environment under twilight or
dawn conditions. However, the limitations of acuity measures can be overcome using a more sensitive measure of visual
capability: contrast sensitivity. This report presents data that show the limitations of acuity measures and the advantages
of contraat sensitivity to help create vision standards that relate to the capability of perferming certain military missions.
For example, individual differences in contrast sensitivity have important implications for visual target acquisition, under
a wide variety of conditions that are not measured by acuity tests. Finally, the implications of contrast sensitivity on target
visibility, detection range, and workload are discussed.

PRESENT VISUAL STANDARDS: VISUAL ACUITY

The first visual capability relevant to target acquisition is good optical quality—to have an in-focus image at the back of
the retina. This capability of vision, by far the main criterion of all present visual standards, generally uses zcuity meas-
ures to determine the opiical qualiiy of the retinal image. High contrast optotypes are typically used to measure visual
acuity, usually in terms of resolution ot gaps in Landolt rings, the orientation of letter Es, or the legibility of Suellen-type

%



alphanumeric characters. The basis for these tests is retinal sampling: intercone spacing of the retina limits visual acuity.
Theae anatomical considerations lead to the notion that the retina, having an in-focus image, should be able to resolve ap-
proximately one minute of arc. Snellen-type characters are formed on a 5 x § element grid. Snellen line 6/6 (20120 in feet)
refers to the visibility of the size of targets that subtend 5 minutes of arc at a distance of 6 meters, each target having
stroke widths that subtent 1 minute of arc. Good visual acuity is generally defined when an observer can perform the
resolution or recognition task, using the fine detailed information from Snellen line 6/6 to 6/12. These types of acuity tests
have certain distinct advantages. The patterns are simple to make becausc they have only one black and white level. They
are simple to use, require no expertise on the part of the administrator, and with certain tests, no expertise required from
the subject. They are quick and, in most cases, accurate to generally accepted standards. Further, the prints or slides are
fairly inexpensive. Historically, acuity measures have been successful in helping refract the majority of eyes. These reasons
suggest why Snellen-type acuity measures 1~ widely accepted. However, with all these advantages, the distinct disad-
vantage to these techniques is their limit i.. being able to provide a measure of visual quality that relates to performance
under most visual conditions. The acuity measure leads one to assume that the optimum optical quality of the retinal im-
age insures optimum visual performance. However, by definition, an acuity measure can only give a single number relating
to limited performance and can address little about visual performance up to that limit. Futher disadvantages include the
nonstandardization of conditions under which acuity measures are obtained throughout the world. Such factors as pupil
size and level of illumination can affect visual acuity. Further, different kinds of optotypes require different amounts of
resolution ability. These factors make acuity standards difficult to control and interpret. It is little wonder that the opera-
tional community balks at visual standards based on a single number that can so drastically affect a person’s career.
Recently, an attempt has been made to provide standard procedures for the clinical measurement and specification of
visual acuity (National Academy of Sciences, in press). Even before other visual standards are considered, it seems, as a
minimum, that the Armed Forces should standardize procedures for measuring and specifying visual acuity.

Clinical optotypes are primarily used to determine the optical quality of an irdividual which, in turn, is used to determine
whether corrective lenses are required or not. The optotypes allow simple determination of whether an image is in or out
of focus. An out-of-focus image causes the optometrist and ophthalmologist to attempt to correct the optical transfer funr-
tion of the visual system. Since the optical transfer function of the visual system is a relatively simple linear function, then
the correction of ariy one point of that transfer function will maximize the correction at all the other points. Thus, the types
of measurements and specifications for optimizing the optical quality of the eye have been relatively relaxed. However,
those same relaxed conditions can cause certain differences in final acuity measuréments that could play havoc with
studies that require consistent measures of visual acuity. Since acuity measures were designed to explicitly relate to optical
quality, provide only a measure of limiting resolution under high contrast conditions, and are not standardized, it is little
wonder that they do not relate well to visual performance under most conditions.

[f on one hand there are many factors that affect visual acuity, this is balanced on the other hand by superior visual acuity,
which evidently does not play an important factor in much of what we see. Although this may seem a bit paradoxical, our
everyday perception provides many examples that much of our visual processing does not require information about the
finest detail contained in objects. It is not uncommon for an optometrist or an ophthalmologist to find individuals that
have not reported visual problems requiring 1 or 2 diopter correction. Although we certainly want the highest degree of
visual quality for the pilot performing target acquisition, since initial detection is of prime importance for successful com-
bat, we should also be aware that only one facet of visual perception, must be considered and other factors, such as sen-
sitivity to larger objects having lower contrast, are more relevant for most viewing conditions.

Another important factor relevant to optical standards is whether or not optical aids can be used in the combat environ-
ment. Although no one would argue for dissimilar optical quality between an observer having 20/20 with or without correc-
tive lenses (excluding of course large magnification changes), there are distinct disadvantages to wearing certain optical
aids in the operational environment.’ Standard eyeglasses, for example, will become quite heavy under high G levels
reached in air-to-air combat, they are also subjected to lint, haze, glare, slippage, and sweat, not to mention possible loss
that can interfere with performance. Further, the frames of conventional glasses obscure targets at certain visual angles.
Contact lenses are also prohibitive for similar kinds of reasons. An additional negative factor for contact lenses is the possi-
ble presence of dirt or other substances beneath the lens causing irritation. However, with an improved design of correc-
tive lenses, it is possible that the problems associated with present glasses can be eliminated, or at least minimized.

'Repcmd by Col T. Tredici to the Visual Standards Study Group, The School of Aerospace Medicine, Brooks, AFB, TX, 5-7 June 1980,
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In summary, the optical quality is the first important step that one must deal with in optimizing visual target acquisi-
tion. Present visual standards should be dictated by the importance of initial target acquisition in combat. Thus,
visual standards, in terms of optical quality, should be as high as possible, taking all other performance factors into
consideration. Finally, standardized procedures for measuring and specifying visual acuity should be created. How-
ever, the creation of an in-focus optical image is but the first stage of vision and the next stage of visual ‘processing,
which deals with actual detection and other perceptual processes, must be considered. This next stage deals with sen-
sitivity of the physiological retina-brain system that uses the optical image created at the back of the retina for subse-
quent target acquisition,

PROPOSED VISUAL STANDARDS: CONTRAST SENSITIVITY

Over the past decade, an alternate method of testing vision has come into use in both the scientific and clinical commun-
ities. The method measures visual sensitivity, using targets called sine-wave gratings, that are specified in terms of two vari-
ables: spatial frequency and contrast. Schade, 1956 pioneered the use of spatial frequency and contrast as a means of
assessing spatial vision. Since then, a number of significant contributions have been made by other researchers—Delange
(1958), Lowry and DePalma (1961), Westhiemer (1963), Kelly (1966), Robson (1966), Campbell and Green (1965)—that led
to present methods for measuring contrast sensitivity. A sine-wave grating is a repeated sequence of light and dark bars
that has a luminance profile, which varies sinusoidally about a mean luminance with distance. The width of one light and
one dark bar of a grating is one cycle, or the period of the grating. The reciprocal of the period is the spatial frequency.
Spatial frequency is expressed by the number of cycles of the grating that occur over a particular distance. The spatia! fre-
quency of an object can be expressed by cycles per object (cpo) dimension or, more commonly, by cycles per unit of visual
angle. The number of cycles per object dimension is called normalized spatial frequency. It is determined by the size of
the particular dimension of some part of the entire object and is independent of viewing distance. Cycles per unit of visual
angle, more commonly called cycles per degree (cpd), is determined by the viewing distance. The luminance difference of
the light and dark bars determines the contrast of the grating. The Michelson definition of contrast is most often used:

Linax = Limin
Lmu + Lmin
where L, and L, are the maximum and minimum luminances of the bars of the grating. Examples of sine-wave grat-

ings having low, medium, and high spatial frequenties at low and high contrast are shown in Figure 1. The luminance dis-
tribution for each grating is shown below each grating patch.

If the contrast of a grating is increased from below its visibility to where the grating is just seen, then the grating is said to
have reached threshold contrast. The reciprocal of the threshold contrast is called contrast sensitivity. Gratings of dif-
ferent spatial frequencies require different amounts of contrast to reach threshold for the observer. In a typical measure-
ment session for contrast sensitivity, a subject adjusts the contrast of a sine-wave grating until the bars are just at the
threshold of visibility. Measurements are repeated for a number of bar widths (spatial frequencies). The reciprocal of con-
trast threshold is plotted as a function of spatial frequency to create a contrast sensitivity function. A typical contrast sen-
sitivity function is shown in Figure 2. The broad, inverted U-shaped curve describes the visual ‘‘window’’ that limits the
range of the size of objects that can be seen under conditions of threshold contrast. The area above the curve is the region
of low contrast where the visual system does not see objects because it is below threshold. Note that the visual system is
most sensitive to sine-wave gratings at about 2 cpd, depending upon experimental conditions. Sensitivity decreases for
spatial frequencies above and below peak sensitivity. As with auditory processing of temporal frequencies, only a limited
range of spatial information can be passed by the visual system. The physiological limit is about 60 cpd, which depends
‘upon viewing conditions. Techniques for obtaining suprathreshold contrast functions are also available, but that discussion
is beyond the scope of this paper. The narrower curves shown within the contrast sensitivity function represent relatively
narrow bandwidth mechanisms called ‘‘channels’’ that make up the overall contrast sensitivity function. These channels
are suggested to play a major role in “filtering’’ relevant target information such as contrast, size, and basic form (Gins-
burg, 1971, Ginsburg, 1977). Evidence for these channels and their relationship to visual perception is also beyond the
scope of this paper. However, works reported by Ginsburg (1977) and Devalois and Devalois (1980) are suggested for the
interested reader.

There are three general techniques currently used to measure contrast sensitivity to gratings: electronic generation for TV
displays (Campbell and Green, 1965), filia (Ginsburg, 1977), and photographic plates (Arden and Jacobsen, 1978), The TV
displays provide the most accurate measurements; however, high levels of expertise in electronics, display technology,
and/or computer hardware and software are required for best results. Gratings created on film can be imaged by standard
projection techniques and their contrast can be controlled by polarizers (Ginsburg, 1977). The major requirement of this
approach is being able to create high-quality sinusoidal gratings and other targets on film. Unfortunately, the precise
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Figure2. A typical threshold contrast sensitivity function is shown by the wide-band inverted U-shaped
curve. Note that the visua! system is most sensitive to threshold sine-wave gratings at about 2 cpd
and is limited to passing spatial frequencies greater than about 60 cpd. The narrow-band curves
represent channel filters based on biological data (Ginsburg, 1977; Ginsburg, 1978b (in press) ).

alignment of the optical components makes portability difficult without realignment. The third technique that uses photo-
graphic plates also has poor reproduction of gratings and large operator biases. Variations of these three techniques are
being used and improved in the AFAMRL Aviation Vision Laboratory. In particular, research is on-going to create port-
able devices for measuring contrast sensitivity.

The importance of contrast in enabling one to see various spatial information in objects cannot be stressed too much. The
less of spatial information in objects with reduced contrast is demonstrated by the F-16 aircraft shown in Figure 3. Var-
ious details about the aircraft, such as the wing-tip missiles, are selectively lost as the contrast is reduced from 100% to
about 6 percent. At the lowest levels of contrast, only a cigar-like shape remains. The series of pictures depicts the amount
of visible detail that could Le expected as a target flies into haze or clouds.

There are two main attributes of the contrast sensitivity test. First, since contrast is the depth of modulation of the grating
about an average luminance, the average light level is kept constant, resulting in a constant state of retinal adaptation.
This greatly reduces nonlinearities in measuring contrast sensitivity because the eye is at different stages of adaptation. It
has been shown that the contrast threshold (Campbell and Robson, 1968), and more recently certain aspects of perceived
suprathreshold contrast (Cannon, 1979; Ginsburg ct al., 1980) are approximately linear. A high degree of lincarity of pro-
cessing spatial information ullows the use of well-defined and casily implemented mathematical techniques to explain how
objects are seen, whereas noniinear processing greatly increases analytical complexity. Second, sinusoidal gratings are
linear basis functions, This means, in mathematical terms, the single ainc-wave grating is a very simple stimulus. It is one-
dimensional and contains one frequency. Using Fourier tcchniques, any complex object can be broken down or built up
from a combination of spatial frequencies having different amplitudes and orientations. This means that the spatial infor-
mation in high contrast optotypes or any target can be determined from combinations of single gratings, as is described
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Figure 3. A photographie series of an F-16 nirerat showing decvensing contrast, Note that the details such
as the wing-tip missiles disappear hefore the larger features such as the wings and fuselage with .
decreasing contrast, Similar to the gratings shown in Figur: 1, note that the features of these air-
craft will have different visibilities upoe viewing distunce due to the visual filtering
characteristics of the observer.




later. If certain assumptions are accepted that are beyond the scope of this report, then the contrast sensitivity function,
which represents the general filtering characteristics of the visual system to sine-wave gratings, can be used to determine
the visibility of any complex object (Ginsburg, 1977). Two-dimensional filter churacteristics of the visual system can also be
obtained from a combination of contrast sensitivity functions of one-dimensional gratings determined at a number of
orientations; for example, at angles of 45, 90, and 135 degrees. This type of filter can also be used to predict visibility of
objects (Ginsburg, 1973). This approach provides a powerful, unifying basis for research into complex target acquisition
using simple filter functions based on visual data. Moreover, this approach, since it uses the same language used by
engineers, allows a natural step to be taken to determine relevant spatial information presented to observers for display
design and image quality (Ginsburg, 1980). Finally, the contrast sensitiviiy approach with which to prohe vision is becom-
ing a more widespread tool among scientists. Many factors which affect the shape of the contrast sensitivity function have
been studied. For example, the effects of luminance, focus, field size, peripheral view, chromaticity, and others have been
measured (Farrell and Booth, 1975). Thus, much is known about the general behavior of contrast sensitivity functions
under operationally relevant conditions. Basing visual metrics un these techniques will allow quick integration of know-

ledge in current science into applied areas.

Althcugh contrast sensitivity appears to provide a more complete measurement of spatial vision than acuity measures,
unless the filter characteristics can be used to relate visual capability to visual performance such as target acquisition, then
its power will be limited. What is needed is a relationship between contrast sensitivity and the visibility of complex objects.

That relationship is presented next.

A general relationship between contrast sensitivity and the visibility of Snellen letters has been determined (Ginsburg,
1977). It is pointed out that Snellen letters represent a set of overlearned complex two-dimensional targets. Two pieces of
information were needed to establish that relationship: the minimum number of spatial frequencies and the minimum con-
trast required for the recognition of Snellen letters. The number of cycles necessary for the recognition of Snellen letters
was determined by Fourier synthesis of aletter L and a letter E, in steps of 0.5 cycles per object (cpo) as shown in Figure 4.
These letters were chosen because the E is more difficult to resolve than the letter L. First note that the energy contained
in the frequencies below I cop allows detection to occur but not recognition. For recognition to occur, 2.5 cycles are re-
quired for E, but only 1.5 cycles are required for the L. It should be clear that this is the reason for the L being recognized

=

=

SNEADN

Figure 4. Fourier synthesis of Snellen letters E and L in increments of 0.5 cpl. The synthesized filtered im-
ages of the E and L are shown below there respective letters: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 cpl
IGinsburg, 1977).
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at a greater distance or smaller angular subtense than the E. These results suggest that a bandwidth (the relevant number
of spatial frequencies for n particular task) of ahout 1.5 to 2.5 cpo is required for the recognition of Snellen letters (Gins-
burg, 1977; Ginsburg, 1978). This result would not be intuitively obvious from using reselution criteria of visual acuity, For
example, previous attempts to relate Snellen acuity to contrast sensitivity usced the visibility of stroke width as the criterion
for recognition, For Snellen letters, the stroke width is 1 minute of arc, which equals 30 cpd. That analysie suggests the
recognition of the Snellen letters should occur when the letter siroke is visible, i.e,, when contrast is great enough to allow
the frequency of 30 epd to reach visual threshold. However, it is well known that L is more visible than an E. Therefore,
this very commeon approach used in much previous research can lead to wrong conclusions about spatial information in ob-
jects used for target acquisition. These results show that it is the two-dimensional distribution of the target features that
determines their visibility.

The next step related the relevant spatial frequencies required for recognition to the contrast sensitivity of the visual
system to those spatial frequencies. That required knowledge about the minimum level of contrast (contrast threshhold)
for the detection and recognition of letters subtended at the different visual angles that correspond to the different size let.
ters for each Snellen line. Those results, using typical Snellen letters, ure shown in Figure 5, For large Snellen letters, note
that detection and recognition thresholds are very similar, An everyday experience of this is secing a person or an object
appearing suddenly out of fog at close range or a pilot flying through smoke, haze, etc. However, for small Snellen letters,
there is a large difference between the detection and recognition. The smallest letters used, Snellen line 6/5, requires & fac-
tor of about 4 to 5 in contrast from detection to recognition. We have all experienced this effect, even in conditions of good
visibility, when we detect an abject easily but {ind we must get very much closer for correct recognition. A more relevant
example is a pilot who detects a target a1 20 miles but travels an additional 10 miles before correct recognition oceurs.

Another way to look at the finding that certain large objects can be recognized as soon us they are detected under low con-
trast conditions is in terms of the bandwidth of eyeles per object necessury for this tusk. Large Snellen letters whose overall
gize {a 60 minutes (') of ure have u fundamontal frequency of one eyele per degree. The 1.5 to 2.5 eycles per letter neces-
sary for recognition occur at spatial frequencies from nbout 1.5 to 2.5 cpd. The typical contrast sensitivity function, Fig:
ure 2, shows that these spatial frequencies are all at or near peak visual sensitivity, When the relevant frequencies are all
at or near peak visual sensitivity. When the relevant frequencies required for detection reach threshold near peak sensitiv-
ity, the spatial frequency components in the bandwidth required for recognition, having spatial frequencies up to about

&N

Figure 5. Contrast sensitivity for the detee-
tion and identification of at least
50% of the Snellen letters on
cach line of a typical Snellen
churt. The contrast sensitivily is
the reciprocal of the threshold
contrast needed for detection and
identification of the letters. 'The
spatial frequency (f) is the fun-
damental spatisl frequency or 1 !
epl for the letters on cach
Snellen line (f = 60/size of letter).
‘The Snellen line number is given
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2.5 cpd, are also reaching threshold at about the same time. Thus, the spatial frequencies used for detection and recogni-
tion of these targets reach threshold almost simultaneously. However, note that a letter oni Snellen line 6/6 has a size of

S minutes, corresponding to a fundamental frequency of 12 cpd. The 1.5 to 2.5 cycles for this letter corresponds to 18 to
30 cpd. Thus detecting at or below 12 cpd now requires 4 to 5 times more contrast to get the spatial frequencies from 18 to
30 cpd above threshold so recognition can occur. Certain targets can be created such that detection and recognition can
occur simultaneously at any distance (Ginsburg, 1977).

The bandwidth required for recognition of Snellen letters determined from the filtered letters of about 1.5 to 2.5 cycles
per letter also can be determined directly from these data. By replotting Figure 5 in terms of log contrast sensitivity versus
linear spatial frequency, shown in Figure 6, note that the regression lines provide the bandwidth used for detection and
recognition. Depending upon the particular spatial frequency at which the peak of the contrast sensitivity occurs, the
bandwidth is about 2.4 cycles per letter. This result confirms the earlier filtering results of these letters. Further, these
methods provide a general paradigm with which to determine the relevant bandwidth of spatial frequency information in
any target from detection to classification, recognition, identification, and discrimination. Note that the regression line that
exludes the data points before peak sensitivity crosses the spatial frequency axis at 56 cpd, very near the physiological
limit of 60 cpd. This technique can be used to provide a very sensitive measure of an individual’s limit of visual acuity.
Thus the basic data required tc make predictions of Snellen acuity from contrast sensitivity measurements have been ob-
tained: the amount of contrast and the relevant spatial frequencies of these objects necessary for recognition. Validation
studies of this approach have been conducted. Highly unusual contrast sensitivity functions from patients having
amblyopia (a dimness of vision that cannot be corrected by optical means) and multiple sclerosis (a neurological disorder
that affects vision) were determined and used to test the predictive power of this approach. In sum, based upon the con-
trast sensitivity of individuals having those visual disorders, the Snellen acuity of 17 out of 22 eyes could be predicted
within one Snellen line, the other 5 eyes predictable within two Snellen lines (Ginsburg, 1977; Ginsburg, Oct 1978). Thus
these data suggest that the contrast sensitivity function can be viewed as a filter that can predict the visibility of complex
targets.

One robust feature of this research is that the contrast sensitivity function can predict poor visibility of certain patients
when Snellen acuity predicted normal vision. For example, the contrast sensitivity function shown in Figure 7 is from a pa-
tient with multiple sclerosis (MS) who complained about the quality of vision in one eye compared to the other. This pa-
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Figure 6. Contrast sensitivity for the detection and identification of Snellen letters shown in Figure 5 re-
plotted using log-linear axis. Regression lines drawn through the data points are extrapolated to
the x-zxis. The two different lines through the detection data exlude and include the first three
data points at peak sensitivity respectively. The similarity of these detection results suggest that
the data obtained after peak sensitivity will give reasonable results relatively independent of
changes in peak sensitivity. The spatial frequency bandwidth required to go from detecting to
identifying these letters in 56/23 = 2.4 eycles per letter width (Ginsburg, 1977).
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tient was measured, using Snellen acuity, as having normal of 6/6 vision. However, the ratio of contrast sensitivity hetween
the two eyes is about a factor of 4 over almost a factor of 10 range of spatial frequency. Why is Snellen acuity not measur-
ing this obvious difference in sensitivity between the eyes? The answer comes from the previous discussions. [t was shown
that 6/6 vision needs a certain amount of contrast sensitivity from about 18 to 30 cpd, A closer examination of the contrast
sensitivity function of this patient with MS shows sufficient contrast in both eyes over the range of spatial frequencies re-
quired for 6/6 acuity. This result shows that Snellen acuity is not measuring sensitivity to obviously important ranges of ob-
ject size less than about 18 cpd because the Snellen letters have only one level of high contrast, Similar results showing the
inadequacy of Snellen acuity were also found by Ginsburg(1977) and Ginshurg (1978). The message is clear. Snellen acuity
is not measuring the degree of visibility of objects over a large range of sizes because it does not take into account visual
sensitivity to contrast. The auditory equivalent to Snellen acuity is to use only one high level of loudness for all sound fre-
quencies tested. The scnsitivity to sound would be measured from only 12 khz to 20 khz, excluding very important sen-
sitivity to sound frequencies from 50 khz to 12 khz. Limited measurement in vision should not be accepted uny more than
limited measurement is aceepted in audition.

The reason that Snellen acuity and uther types of resolution criteria have been reasonably successful in both the measure.
ment and correction of spatial vision is undersiandable. As previously pointed out, Snellen acuity can be used successfully
for refraction because the vast majority of visual problems are optical in origin. Since the transfer function of an optical
system is, in general, well behaved, the measurement of one point can be used to determine the performance over a large
runge of other points. Using a lens to correct one point for Snellen acuity will, in general, increase the visibility of objects
at all the other points. However, if there are physiological differences in sensitivity or a visual deficiency is neurological
andlor visual conditions are such that the meusured resolution limit is not being used and an observer is forced to use
lower spatial frequencies and contrast, then visual quality cannot be determined by resolution measures alone. That is why
certain patients complain about poor visual quality that is tested normal using Snellen acuity.
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CONTRAST SENSITIVITY AND TARGET ACQUISITION

It has been shown that Snellen acuity does not measure visual sensitivity below about 18 cpd. This means that the relative
visual sensitivity between pilots or other observers to reduced contrast targets whose size is larger than about 3.3’ is not

. known, Normal Snellen acuity means that targets whose size is larger than 3.3’ can be seen at high levels of contrast.

| However, any conditions that reduce target contrast to the pilot; for example, low target-to-background contrast, ut-
mospheric and windscreen haze, smoke, clouds, aerosols, or certain chemicals, force vision to use lower spatial frequencies
to which visual sensitivity is not being measured using current vision tests and thus is not known, A similar situation exists
for display operators, photointerpreters, x-ray diagnosticians and uny other ohservers when their visual tasks are perform.
ed under similar reduced contrast conditions,

Unfortunately, there are no definitive population studies of contrast sensitivity to date that can be used to determine the

‘ degree of differences in sensitivity that could be used to relate to the ability to visually acquire targets, One conservative

- ! set of data is available however, that can provide at least a first approximation to individual differences in a normal popula-

¢ tion. One study determined population estimates of average contrast sensitivity measurements (Farrel and Booth, 1975),

g The average contrast sensitivity function was a *‘very approximatoe fit to the better visual performance data’’ of eight dif-

. ferent studies, Visual performance was measured in terms of threshold contrast modulation for disks and sine- and square-

S wave gratings, These data are shown in Figure 8. Here threshold contrast is plotted rather than threshold contrast sensitiv-

k- ity. The solid line is the average subject data. The dashed lines are limits for 90 percent of the population, The maximum
- and minimum values of threshold contrast from these data for 1, 5, 15, and 30 cpd are shown. The average difference of

- 2,36 in sensitivity exists for 90 percent of the population, Note that the differences in sensitivity change with spatial fre-

. quency. The greater the sensitivity, the smaller the target that can be seen at the same distance. The expected visual per-

R formance for low contrast targets of two observers, one having the lower sensitivity curve and the other having the higher

sensitivity curve can, in general, be understood from these data, The more sensitive person will see, on average and if all

or
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Figure 8. Average threshold contrast to detect disks and sine- and square-wave gratings is shown by the
solid line. The dashed lines are 90 percent population limits. See text for explanation (after Far-
rell and Booth, 1975).
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other factors are held conatant, the sume size 1arget 2.15 times further, or a target 2.15 times smaller at the same distance,
than that of u less sensitive person, In particular, the more sensitive person can see a low contrast target at 7 epd when a
less sensitive person can see the same target at 2 cpd and cannot see similar contrast targets smaller than 2 cpd. In terms
of target size, this means that a less sensitive person is just seeing a 30 size target whon a more sensitive person is seeing
an 8.6 target, 3.5 times smaller. The more sensitive person will see u 307 size target 3.5 times further (or more easily, i.e,
higher signal-to noise ratio in case of photointerpreters und display observers) than that of a less sensitive person, Indeed,
the cross-hatched region shows certaiti levels of low contrast where the more sensitive person can see targets ranging in
size from about 0.5 to 8 cpd or 2° 10 7.5' when the leas senuitive person cannot see targets of any size, These are the max-
imum differencen that can be postulated from this study. The difference in sensitivity decreases for higher spatial frequen-
cies or smaller target sizes, For examples, at 20 cpd or for u 3’ size target, the incrensed sensitivity results in increased
" target size by a factor of 1.5. These increased distances of target acquisition could provide increased time for a pilot to use
to optimize tactics und other combat related tusks, and thus can help reduce workload.

F , The preceding analysis suggests that there are important differences between visunl observers that have different contrast

E" C sensitivities that have direct implications for the selection of pilots und others whose visua! ability is important for task per-

[ formance. It would seem that observers having increased contrast sensitivity will be capable of acquiring targets further

{-. " away than less sensitive observers under certain cireumstances, Furthermore, this analysis may provide a basis for under- 1
stunding and quantifying the quite common anecdotal comments about superior visuul performance of *‘air aces,” The !
t conservative difference of a factor of 2.5 in contrast sensitivity between u high sensitive individual and low sensitive in-
dividual has definite implications for 1arget visibility, For example, only a fuctor of 1.5 to 2.0 increase in contrust is needed
o to go from chance detection to almost certain detection, This means that, when all other fuctors are held constant, the high
sensitive observer is certuin that a target is detected when the low sensitive observer may still be guessing. Further, there
is about a factor of 2.5 hetween the contrast of the lightest und darkest features of the F-16 aireraft in Fig 3¢ and that of
Fig 3¢. Therefore, there will be conditions where a high sensitive observer muy be able to identify the aircraft and know in
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The next stage in this research has been to investigate the degree of variability in contrast sensitivity among Air Force
populations. Only small population studies have been obtained to date. However, interesting individual differences have
been revealed, e.g., the contrast sensitivity over different ranges of spatial frequency. Pilot M. R, would be more sensitive
1o low contrast objects which have relevant spatial frequencies higher than 6 epd whereas his sensitivity is greatly reduced
for lower spatial frequencies, Similar results were found in another contrast sensitivity study that also determined the ubil-
ity of subjects to detect and identify targets (Ginsburg and Evans, in press), The data shown in Figure 10 were obtained
using two subjects having 20/50 and 20/30 Snellen acuity without their glasses and one subject having normal Snellen acu-
ity, 20/20. The differences in Suellen acuity between these subjects agree with the differences in contrast sensitivity for
spatial frequencies smaller than 16 epd: decreased Snellen acuity corresponds to decreased contrust sensitivity, However,
note the large differences in contrast sensitivity between the subjects having 20/20 and 20/30 acuity from 6 to 16 cpd that
are not predicted from the Snellen acuity, The question whether or not these differences in contrast sensitivity are func.
tional is answered by the subjects’ ability to detect and identify Snellen letters and uircraft silhouettes under low contrast
conditions, In almost every case, the subject having 20/30 was significantly more sensitive than the subject having 20/20,

The one notable exception is the letter identification task for the smallest letiers where fundamental frequency was 12 cpd.

The subject having 20/20 was more sensitive than the subject having 20/30. However, from the previous analysis, a letter
with fundamental frequency of 12 cpd means that the relevunt spatial frequencies for letter identification will be about

18-30 epd. It would be expected that increased ability to identify Snellen letters would require increased contrast sensitivis

ty of sine-wave gratings for 18-30 opd. That result is quite evident from the data, The reversed performance for letter
identification between those two subjects at the higher spatial froquencies is predicted from their contrast sensitivity func-
tiors and from their Snellen acuity. Therefors, contrast sensitivity to sine-wave gratings uppoars to be able to relate to cer-
tain aspects of target acquisition over the full range of turget size.

These data have shown that significant differences can and do exist between individual contrast sensitivity that determine
the amount of contrast necessary for un individual to detect and identify targets having sizes vary over a large range.
Although these data relate to limited scenarios in which targets are slowly maving or stationary and/or under cenditions of
ocular pursuit where the target remains somewhat localized on the retina, this approach may also be applicable to more
dynamic conditions of target acquisition, such us rotation and zoom, where targets rapidly change position, direction,
orientation, and size. However, current visual science suggests that static and dynamic targets are processed by somewhat
independent visual mechanisms (e.g. Breitmeyer and Ganz, 1976). This means that tests of static visual acuity will not noe-
ossarily relate to dynamic visual acuity and that those kinds of functions will require separate tests, Thia is precisely what
Ludvigh (1960) found in carly studies of dynamic visual acuity. Those studies showed quite lurge individual differences in
dynamic visual tasks that required the detection of Landolt targets presented at different velocities, Unfortunately, there
has been little follow-on work in that area, However, we have hegun using the preceding contrast sensitivity approach to
determine individual ubility to detect and identify simple and complex targets under dynamic conditions. Our pilot studiea
show nignificant individual differences within and between statie and dynamic target conditions, This approach will be ex-
tended to other operationally relevant viewing conditions such as low luminance (night-time conditions) and peripheral
viewing. The main point to be emphasized is that there cannot be any unitary measure of visual capability that will be rele-
vant to all possible viewing conditions, Needed ave tests of visual capability that relate to the different target and viewing
conditions that will be encountered in the operational environment, The approuch presented here, using static targets,
represont a first step in that direction, More work will be needed to determine the relative importance of each of these
kinds of tests for visual target acquisition,

The dichotomy between the physiological and cognitive napects of turget acquisition ereated in the introduction of this
paper is not that clean cut, What part of individual differences used in detecting and identifying the targets shown in
Figure 10 are due to physiological or cognitive factars, such as threshold criterion or the particular selection of relevant
target features, needs to be determined. Pilot experimenta in our luboratory using non-criterion free paradigms, such as
method of adjustment and a review of contrast sensitivity duta using sine-wave gratings in criterion free signal-detection
paradigms, reveal that about a factor of 1.5 to 2 in contrast is needed to go from chance detection to almost certain detec-
tion (e.g. Furchner et al., 1977). It would seem, therefore, that factors other than criterion are required 10 explain dif-
ferences in individual contrast sensitivity when they differ by more than a factor of 2. Although the relative importance of
such factors as physiological sensitivity and criterion could be determined experimentally, the finding that the individual’s
contrast sensitivity to gratings relates to his ability to detect and identify complex targets suggests that these differences
are functionally important regardless of the degroe to which physiological and cognitive components each adds to the
result.
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Figure 10. Contrast sensitvity to sine-wave gratings, and detecting and identifying letter and aircraft
silhouettea for two subjects having 20/50 and 20/30 Snellen acuity without their glasses and
one subject having normal (unaided) Snellen acuity, 20/20. See text for explanation (from
Ginsburg and Evans (in preparation) ).




These results have concentrated on the implications of individual visual capability ut near threshold levels of contrast,
Although those regions of cotitrast are important in many operational environments, 8 lorge amount of viewing nlso uses
suprathreshold levels of contrast. There is evidence that individual differences exist in the suprathreshold contrust percep.
tion (Georgeson and Sullivan, 1975; Cannon, unpublished®). The degree of imporiance that these differences will play in
the various uspects of target acquisition is not clear; however, it would seem that onee turget information is ubove thresh-
old that sufficient contrast exists for any perceptual task, Although one individual may see that information at a higher
contrast level thun another individual, relatively small differences in visibility may not be significantly beneficial, Indeed,
in certain cusen it may be harmful, Consider, for example, where two individuals are viewing a video display on which
relatively high contrast, high frequency noise and/or scun lines ure visible, Since it is well known that high spatinl frequen-
cies mask low spatial frequencies (Stromeyer and Jules, 1972), it would follow that the more visible the high frequeney
noise, the more masking or the less visible would be certain lower frequency targets, Onth- < her hand, increased target
contrast does mean increased dynamice range which could in other cases provide inereased signalto-noise conditions that
relate to image quality. For example, increased suprathreshold contrast perception muy provide mi increase in the number
of perreived grey-seale values which could inereuase the contrast diserimination of different target information, In any case,
how individual differences in perceived suprathreshold cortrast rolate to visual target acquisition awuits further
experimentation,

These ditferences in individual visual capability also huve implications for pilot workload, Toduy's high technology air-
craft coupled with more complex combat environments create high workload conditions, Muny decisions critical to combat
success demand complex tasks to be correctly performed in short time spans of several seconds, Auy inerease in time to
perform those tusks is importunt. Since distance equals rate times time (d = rt), increased target acquisition range andlor
certainty of targot acquisition will offer the pilot more time to perform other critical combat-related tasks, Therefore, op-
timizing visual capability may in many instunces reduce operator workload, Hore too, further oxperimentation is needed to
determine the relative importance of superior vision in complex environments, However, the dotu so fur indicate that at

lewst under some conditions, individual differences in contrust sensitivity could play a major role in certain canes of early
turget acquisition,

In summary, for vision-limited tasks, such us turget acquisition in a high performance airerufy, the pilot should have max-
imum optical and physiological visual capubility. Although more data are needed to determine population varianess in
rontrast sensitivity and how those variances relate to complex target ncquisition, given that alt other relevant fuctors are
equal, und whenever possible, it is suggested that observers with the highest contrast sensitivity be placed in the most
vision-intensive tasks, The placement of high sensitive individuals in positions requiring high visual capability may not

guarantee their success under all conditions. However, it will at least optimize the probubility of success under many condi-
tions that require visual target acquisition,

;ﬁlrk W. Gannon, Air Force Aerospuce Medical Reaearch Laboratory, unpublished data

18

e

|
?




CONCLUSIONS

Thia brief report presents data that show the limitations of present visual standards bused on acuity meusurements in be-
ing able to measure normal as well us abnormal visual function in 4 manner that relates to visual performunce over a wide
variety of operational environments that affect contrast, A more powerful and parsimonious measure of visuul capabil.
ity—contrast sensitivity—is prenented. Important differences between individual contrast sensitivity funetions are shown
to relate to one’s ability to detect and identify letters and aireraft targets over a large range of target size and contrast
under static viewing conditions. Present research is extending those results into dynamic viewing conditivons, The collec.
tion of lurge population data of contrust sensitivity that is needed to determine the extent of normal variunce has begun,
Simulator studies that will lead to field trinls that relate individual contrast sensitivity to various aspeets of target acquisi-
tion are scheduled, Although we are still u long way from being able 10 estublish new vision stundards based on these
emerging techniques, it is recommended that standardized testing equipment and procedures be developed to begin the
collection of contrast sensitivity duta in purallel with conventional vision tests. At a minimum, contrast sensitivity can be
used to sereen very high and very low sensitive individuals for further testing and/or observations, In addition to building
up & data base, early exposure of the medical and operational communities to contrast sensitivity tests will sensitize indi:
viduals to limitations of 1culty measires and encourage quicker aceeptance of new visual standards based upon these tech-
niques as they may develop. Especially important to the operationasl community is that the contrast sensitivity results will
continue to be related to task performance that in turn will encourage the medicul and operational community to work
more closely together in establishing and maintaining relevant visual standurds, We hopu that it will not be too long before
those contrast sensitivity techniques can be used 1o create standards that have the potential to help optimize the capability
of that most important component of visual target ncquisition: the humun obser

19




i
: REFERENCES

-

'( ARDEN, G. & JACOBSEN, J., 1978, A Simple Grating Test for Contrast Sensitivity, Invest. Ophth., 17 (1), 23-32.

$o BREITMEYER, B. & GANZ, L., 1976, Implications of Sustained and Trangient Channels for Theories of Visual Pattern

Masking, Saccadic Suppression, and Information Processing. Psych. Rev., 83, 1-33,

CAMPBELL, F. W, & GREEN, D. G., 1965, Optical and Retinal Factors Affecting Visual Resolution, J. Physiol., 181,
576-593.

]
!
{ . CAMPBELL, F. W. & ROBSON, J. G., 1968, Application of Fourier Analysis to the Visibility of Gratings. J. Physiol., 197,
‘.' 551-560.

CANNON, M. W.JR., 1979, Contrast Sensation: A Lineur Function of Stimulus Contrast, Vision Res., 19, 1052-1245,

F ' DsLANGE, H,, 1958, Research into the Dynamic Neture of the Human Fovea-Cortex Systems with Intermittent and
Modulated Light. J. Opt. Soc. Am., 48, 717-188.

A DEVALOIS, R, L. & DEVALOIS, K. K., 1980, Sputiul Vision. Amn. Rev. Psychol., 31, 309-410,

FARRELL, R. & BOOTH, L., 1975, Design Handbook for Imagery Interpretation Equipment. Boeing Acrospuce Com-
pany, Seattle, WA,

. GEORGESON, M. A, & SULLIVAN, G. D, 1975, Contrast Constancy: Deblurring in Human Vision by Spatial Frequency
v Channels, J. Physiol,, 252, 627-656,

{ GINSBURG, A. P., 1971, Psychological Correlates of A Model of the Human Visual System, MS Thesis GE/EE/T1S8-2,
' Wright-Patterson Air Force Base OH: Air Force Inst, Technol,; published in Proc. 1971 National Acrospace Electronics 1
Conference (NAECON), Dayton OH: [EEE Trans, on Aerospace and Electronic Systems (71-C-24 AES), 283-290. (

GINSBURG, A. P, 1973, Pattern Recognition Techniquos Suggersted from Psychological Correlates of a Model of the
Human Visual System, Proce. 1973 Nationul Asrospuce Electronies Systems (73-CHO735-1 AES), 309-316.

GINSBURG, A. P, Visual Information Processing Based upon Spatial Filters Constrained by Biological Data. Ph,D,
Dissertation, University of Cambridge (England) 1977, [also published us AMRL Technical Report, AMRL-TR-78-129
(ADA09011T))

GINSBURG, A. P., 19784, Relationship between the Detection and Recognition of Snellen Letters and Contrast Sensitivity
for Normaul and Abnormal Visual Systems, Abs. J. Opt. Soc. Am., 1455,

GINSBURG, A, P,, 1978b, Spatial Filtering und Vision: Implications for Normal and Abnormal Vision in Applications of
Psychophysics to Clinical Problems (Proceedings of the Symposium held in San Francisco CA, Oct 78), {In press, The
Cambridge University Press),

GINSBURG, A. P, 1980, Specifying Relevant Spatial Information for Image Evaluation und Display Design, Procoedings,
Society for Information Display, 21, 219-228,

GINSBURG, A. P., CANNON, M. W, JR, & NELSON M., 1980, Suprathreshold Processing of Complex Visual Stimulis
Evidence for Linearity in Contrast Perception. Science, 208, 619-621,

GINSBURG, A. P, & EVANS, D. Relationships botween individual Differences in Contrast Sensitivity and the Deteetion
and Identification of Targets (in proparation),

FURCHNER, C., THOMAS, J. & CAMPBELL, F. W., 1977, Detection and Discrinination of Simple and Complex Pat.
terna ut Low Spatial Frequencies. Fision Res., 17, 827-836.

KELLY, D. I1., 1966, Frequency Doubling in Visual Responses. J. Opt. Soc. Am., 56, 1628-1633.
20

jl“—_.j




S

.

LOWRY, E. M. & DEPALMA, J. J., 1961, Sine.wave Response of the Visual System, 1. The Mach Phenomenon. J. Opt.
Soc. Am., 51, 140-746,

LUDVIGR, E., 1960, Visual Acuity during Qcular Pursuit, in Vision Research Report, Nuil, Acad, Sci. - Natl, Res, Goun,,
Washington DC Publication 835, 70-75,

NATIONAL ACADEMY OF SCIENCES, Recommended Standard Procedures for the Clinical Measurement and
Spectfication of Visual Acuity. Report of Working Group 39, Committee on Vision, National Academy of Sciences,
Waushington DC, (In press, Doc. Ophthal.).

ROBSON, J. G., 1966, Spatial and Temporal Contrast Sensitivity Functions of the Human Eye. J. Opt. Soe. Am., 65, 1141,
SCHADE, 0. H,, 1956, Optical and Photoelectric Analog of the Eye, J. Opt. Soe, Am., 46,721-739,

STROMEYER, C. F. & JULESZ, B., 1972, Spatial-Frequency Masking in Vision: Critical Bands and Spread of Masking, J.
Opt, Soc. Am., 62,1121-1132,

WESTHIEMER, G., 1963, Optical and Motor Factors in the Formation of the Retinal Image, J. Opt. Soe. Am., 53, 86-98.

YOUNGLING, E,, LEVINE, S, MOCHARNUK, J. & WESTON, L., 1977, Feasibility Study to Predict Combat Effec-
tiveness for Selected Military Roles: Fighter Pilot Effectiveness. McDonnell Douglus Astronauties Company, St. Louis,

MoO.

21

U, S.Government Printing Ofticer 19015607068




